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FLOW-FIELD SURVEYS ON THE WINDWARD SIDE OF THE NASA 040A SPACE SHUTTLE
ORBITER AT 31° ANGLE OF ATTACK AND MACH 20 IN HELIUM
George C. Ashby, Jr., and Vernon T. Helms III
Langley Research Center
SUMMARY
Pitot-pressure and flow-angle distributions in the windward flow field of the
NASA 040A space shuttle orbiter configuration and surface pressures have been mea-
sured in the 22-inch aerodynamics leg of the Langley hypersonic helium tunnel
facility at a Mach number of 20 and an angle of attack of 31°. The free-stream
Reynolds number, based on model length, was 5-39 x 10".
The results show that cores of high pitot pressure, which are related to the
body-shock—wing-shock intersections, occur on the windward plane of symmetry in
the vicinity of the wing-body junction and near midspan on the wing. Theoretical
estimates of the flow-field pitot pressures show that conical-flow values for the
windward plane of symmetry surface are representative of the average level over
the entire lower surface.
INTRODUCTION
The National Aeronautics and Space Administration is actively engaged in the
development of three-dimensional inviscid and viscous flow-field computer programs.
(See, for example, ref. 1.) These programs are part of a developing capability to
assess the aerodynamics, heating, real-gas chemistry effects, and so forth on
hypersonic configurations, such as the space shuttle. Very few experimental data
for flow fields are available for evaluating the calculation methods as they evolve.
The present study was conducted to provide a set of data which can be used
to aid in the development and verification of computer codes at high Mach numbers.
Pitot-pressure surveys and surface-pressure measurements were made at 14 orifice
locations on the windward surface of a delta-wing orbiter at an angle of attack
of 31° (nominal entry angle of attack for the shuttle at time of study) and a
Mach number of 20.3 in helium. In addition, flow-direction surveys were made at
selected locations. The use of helium as a test medium provides-data in a flow
field involving viscous and dynamic effects without additional effects arising
from internal excitation of the gas molecules (ref. 2). This ideal characteris-
tic of helium with regard to fluid-mechanics research at high Mach numbers has
been established by previous studies (ref. 3). Although complete simultaneous
simulation of all flow conditions about a model will probably be rare, it seems
possible to obtain sufficient simulation for many types of aerodynamic as well
as fluid-dynamic studies and to interpret most helium results in terms of air
results (ref. 4).
This paper presents the flow-field surveys from the windward surface of
the. configuration through the bow shock into the free stream at each orifice
location. Theoretical approximations from several techniques are used to help
in the analysis of the data.
SYMBOLS
A aspect ratio
b wing span, mm
I model length, mm (see fig. 1)
M Mach number
ps local static pressure, N/m2
Pt B pressure, bottom tube of five-tube probe, N/m2
Pt c pressure, center tube of five-tube probe, N/m2
Pt L pressure, left tube of five-tube probe, N/m2
Pt?H pressure, right tube of five-tube probe, N/m2
Pt T pressure, top tube of five-tube probe, N/m2
Pt a, free-stream total pressure, N/m2
pt 3 pitot pressure behind body shock, N/m2
rn ^ nose radius of model, mm
S planform area, mm2
xm axial distance from model reference origin, mm (see fig. 2)
ym spanwise distance from model reference axis, mm
zm vertical distance from model reference axis, mm
ZOQ distance from model surface normal to free stream, mm
<* angle of attack, deg
APPARATUS AND TESTS
Tunnel
The tests were conducted in the 22-inch aerodynamics leg of the Langley
hypersonic helium tunnel facility at a Mach number of 20.3 and a Reynolds number,
based on model length, of 5.39 x 10^. Average stagnation temperature and pres-
sure were 300 K and 7.0 x 10& N/m2, respectively. Operational characteristics
of the facility and details of the contoured nozzle flow characteristics are
available in reference 5.
Model and Instrumentation
A 0.0075-scale model of the NASA OUOA space shuttle orbiter with orifices
located as shown in figure 1 was used in the investigation. The measured model
cross sections and profiles and their respective coordinates are presented in
figure 2 and tables I and II. The body asymmetries noted in the tables result
from the mode of model construction. The body was cast, the wing was machined,
and the two were assembled after the pressure tubes were installed. Cast bodies
are generally limited to accuracies of ±0.25 mm. Multiple-range electrical pres-
sure transducers were used to sense the model surface and flow-field pressures,
and the outputs were recorded on magnetic tape. The static-pressure-orifice size
is given in figure 1, and the survey probe designs are shown in figure 3.
Test and Methods
The pitot-pressure and flow-angle surveys were conducted from the model sur-
face through the shock to the undisturbed flow. All probe traverses were made
normal to the free-stream flow direction with the probe center line approximately
parallel to the model surface. A fouling light indicated probe departure from the
surface, and a calibrated slide-wire potentiometer measured the survey distances.
Data acquisition was started by a relay in the fouling light circuit when the probe
departed from the model surface. Therefore, the initial probe position was a half
diameter off of the surface and this was used as a reference value to compute the
remainder of the survey positions. Data were sampled 20 times per second, and the
rate of probe travel was adjusted to be compatible with the observed pressure-lag
rate within the boundary-layer and shock-layer regions. The data sample rate
and the probe travel rate resulted in a maximum spacing between survey points of
0.050 mm. Figure U shows the shock pattern and flow field illuminated by an elec-
tron beam during a pitot-pressure survey.
The top and bottom tubes of the flow-direction probe were 1 mm above and
below the center (pitot-pressure) tube, respectively, so that the individual
frames of data for each tube, when it was at the identical z^-coordinate, were
used to obtain the flow angle at that point and to eliminate the first-order
effects of the pitot-pressure gradient. Because of the gradient and other
effects, the angle measurements in the boundary layer are not considered to be
so accurate as those in the shock layer. This pressure gradient correction was
not made in the horizontal plane because the distance between the survey planes
was too great and because the spanwise pitot-pressure gradient was small. The
3'
vertical flow angle was referenced to the local body slope in a plane parallel
to the model symmetry plane, and the spanwise flow angle was referenced to the
model symmetry plane.
Measuring Accuracy
Based on static calibrations of the pressure transducers, the error in the
measured pressures normalized by the free-stream total pressure is less than
0.048 x 10~3. The agreement of the pitot-pressure measurements outside of the
bow shock in the free stream (probe at 30° to 35° to the flow) with the theoreti-
cal free-stream value indicates the relative insensitivity of the probe readings
to vertical flow angularity. Also, repeated surveys with the pitot probe alined
with the free stream and yawed 15° show good agreement between the two profiles
and, thereby, insensitivity to spanwise angle as well as vertical angle (fig. 5).
The five-tube flow-direction probe was calibrated in uniform flow at combination
vertical and spanwise angles up to 26° and at a Mach number of 20.3 in helium.
The calibration was checked in the Langley 20-inch Mach 6 tunnel (air) over simi-
lar angle-of-attack and sideslip-angle ranges. Several probes were used during
the test program; a typical calibration is shown in figure 6.
RESULTS AND DISCUSSION
The measured surface pressures and pitot-pressure profiles from the model
surface through the bow shock at the 14 orifice locations are listed in table III.
The surface pressures are plotted in figure 7; the pitot-pressure profiles are
plotted in figures 8 to 12; and the longitudinal and spanwise pitot-pressure
contours are plotted in figure 13- Figure 14 presents the flow-angle profiles.
Surface Pressures
All measured surface pressures and theoretical estimates along the model
plane of symmetry are presented in figure 7- The theoretical pressure distribu-
tions along the plane of-symmetry of the orbiter at angle of attack were obtained
by calculating the distributions on axisymmetric shapes at an angle of attack of
0° to approximate the model contour in the windward symmetry plane. An overex-
pansion of the flow is indicated by the measured pressures along the plane of
symmetry in the vicinity of orifice 2. This overexpansion is shown by tangent-
cone theory to be related somewhat to the variation in the actual model surface
slopes (measured slopes along the plane of symmetry were used in the calculations)
as well as flow conditions. The combination blunt-body program and method-of-
characteristics calculations (using codes of refs. 6 and 7) give good average
estimates of the pressure distribution along the windward plane of symmetry, but
the flow overexpansion at orifice 2 is not predicted. However, a second calcula-
tion (using the program of ref. 8), wherein a blunter nose than the actual body
nose was combined with a 33.75° cone frustum to represent the configuration shape
in the symmetry plane, indicates an overexpansion near orifice 2 which is close to
the measured pressure distribution. These latter results suggest that the orbiter
nose pressure distribution at angle of attack resembles that of a blunter config-
uration at an angle of attack of 0°. The difference between the origin of the
jlunt nose and the true nose can be seen in figure 7 by the difference in the
Location of the stagnation points. The beginning of the cone frustum is noted
Ln the plot. Pressures at the outboard orifices are also presented in the figure
and generally increase in the outboard direction.
Pitot-Pressure Profiles
Pitot-pressure surveys were made from each orifice on the model surface
through the shock layer into the free-stream flow, and these pressures have been
nondimensionalized by the free-stream total pressure (figs. 8 to 12). The static
pressure at the model surface, which is also the pitot pressure (surface velocity
zero), provides an end point at the wall for the measured profile. The distortion
in the measured profile near the body surface is attributed to probe-wall inter-
ference and is usually confined to the region within 0.5 mm of the surface. In
the region outside the bow shock, the calculated free-stream pitot pressure is
identified in each plot for comparison with the probe reading. Although the probe
axis in this region is at an angle of 30° to 35° to the free stream, the measured
pitot pressure approaches the calculated value at an angle of 0°.
An attempt was made to calculate the flow field and body surface pressures
for the conditions of these tests by using the computer program developed in ref-
erences 9 and 10. The calculations failed because the axial velocity of the flow
along the leading edge of the forebody at these flow conditions always dropped
below sonic velocity. Because of this calculation failure, some established
theories were used on bodies of revolution that represented the windward plane of
symmetry profile.in the data analysis. The initial calculations were made by
using tangent-cone theory because previously published pitot-pressure surveys in
the windward symmetry plane of previous space-shuttle configurations (ref. 11)
showed that flow-field properties at the edge of the boundary layer can be reason-
ably predicted by tangent-cone theory. Pitot-pressure values for a 33-75° sharp
cone, which is representative of the aft 82 percent of the lower surface along the
windward symmetry plane, were computed and are compared with the measured pitot-
pressure profiles at stations along the windward symmetry plane in figure 8(a).
Except at the most forward orifices where nose bluntness and viscous effects are
strong, the pitot-pressure profiles, based on tangent-cone approximation, are a
reasonably good average of the measured profiles. A comparison of the calculated
tangent-cone profiles for the windward symmetry plane with the measured profiles
off the symmetry plane (figs. 8(b) and 8(c)) also shows them to be a reasonably
good average at all stations, except for orifice 10, which is in the vicinity of
the bow-shock—wing-shock intersection.
The previous calculation was for a 9° sharp nose. To account for the nose
effects of the configuration, a power-law body of revolution at an angle of attack
of 0° was fitted to the lower surface plane of symmetry contour at an angle of
attack of 31°, and the method of characteristics with a 45° sharp starting cone
was used to calculate the flow field. The computed profiles (fig. 8(a)) are some-
what low at the forward orifices and near the body surface at all orifices, but
they are a good representation of the measured pitot-pressure level and the trends
in the outer regions of the flow field at the rear orifices. The difference
between the calculated and measured profiles in the flow field near the body is
probably caused largely by nose bluntness and/or viscous effects. Further insight
into the nose effect was sought by using an ellipsoid nose on the power-law body
representation of the lower surface plane of symmetry instead of the U5° cone and
by using the blunt-body and method-of-characteristics programs (refs. 6 and 7) to
compute the flow field. The actual body was less blunt than the minimum bluntnes
body for which the program would run and could contribute to the calculated pitot
level being much lower than the measured values. However, the shapes of the com-
puted profiles near the surface are more representative of the measured ones than
the calculation for a conical nose.
To investigate the viscous effects on the pitot-pressure profile^ the values
in the boundary layer along the windward plane of symmetry were calculated by
using the computer code of reference 12 and by assuming that the flow along the
plane of symmetry at an angle of attack of 31° can be represented by flow along a
body of revolution at an angle of attack of 0°. These data are shown in figure 9
along with the measured profiles and the calculated inviscid profiles for the
power-law body with an ellipsoid nose. The surface pressures and shock coordi-
nates used as inputs to the boundary-layer program were obtained from experimenta
data.
The pitot-pressure level is only about half the measured values, and the cal
culated boundary-layer thickness is generally greater than that indicated by the
definite change of the slope of the measured profile shown by the intersecting
straight lines. The calculated boundary-layer thicknesses are.greater than the
measured values partly because of crossflow effects in the experimental data. A
comparison of the calculated boundary-layer pitot-profile shape with the calcu-
lated inviscid pitot-profile shape in the boundary-layer region indicates that
forward of orifice 4 (22.71 nose radii downstream) viscous effects predominate in
altering the pitot-profile shape near the body. Aft of orifice 4 the calculated
pitot-pressure profiles near the body for inviscid flow and a blunt nose are sim-
iliar in shape to the measured profile; therefore, nose bluntness has a more sig-
nificant effect on the profile shape in the aft region of the body than viscous
effects.
Cross plots of the measured pitot-pressure profiles along lines located at
stations through several orifice axes are compared in figures 10 to 12. Examina-
tion of these plots reveals some notable trends. The peak does not occur at the
same location in the shock layer. Along the plane of symmetry (fig. 10(a)), the
peak pitot-pressure level progressively increases from orifices 1 to 4, remains
nearly constant between orifices 4 and 6, and then decreases from orifices 6
to 11. At the two outboard stations (figs. 10(b) and 10(c)), the profiles at the
orifices along each longitudinal line are similar in shape.
In the spanwise direction, a comparison of adjacent profiles (fig. 11) shows
very little change in pitot-pressure level or general shape of the profile for
axial locations forward of orifice 8. Some shifting of the profiles for the two
adjacent locations occurs because the distance between the shock and the body
changes. At the axial stations of orifices 8 and 11, the peak pitot pressure
increases significantly at the more outboard locations (figs. 11(d) and 11(e)).
The largest increase occurs at approximately midspan on the wing near orifice 10
(figs. 11(d) and 12) where the profile has the highest level and has a distinct
double peak. The profiles at orifices 12 and 13 also have a tendency toward a
double peak, but they are not so pronounced as those for orifice 10. The
anomalies associated with the central portion of the wing, especially in the
vicinity of orifice 10, are attributed to the bow-shock—wing-shock interaction
which occurs in that area.
Contours of measured pitot pressures (normalized by Pti00) between various
groups of orifices are presented in figure 13. The contour plot along the body
plane of symmetry (fig. 13(a)) also shows the shock location, which was assumed to
be at the sharp drop in pitot pressure in the flow field, and the projections of
the pressure contours to the appropriate portion of the shock. In these contour
plots of the pitot pressure, the high value within a core along the plane of sym-
metry in the vicinity of orifices 4 and 6 is noted to be located near the junction
of the wing leading edge and body and just behind the shock inflection point.
This high-pressure core is observed to extend outboard of the plane of symmetry
to at least orifices 5 and 7. (Note that the pitot-pressure contours are parallel
between orifices 4 and 5 and between orifices 6 and 7 in figs. 13(f) and 13(g)f
respectively.) The high pressure within a core in the region of orifice 10 is
also observed by comparing its contour levels with those at orifice 13 in fig-
ure 13(c), with those of orifices 7 and 14 in figure 13(d), and with those of ori-
fices 8 and 9 in figure 13(h). At stations behind orifice 6, the maximum pitot
pressure increases in the spanwise direction. The pitot-pressure levels at all
orifices except 10 and 14 are consistent from orifice to orifice with the flow
direction between them. (See following section entitled "Flow-Direction
Surveys.")
Flow-Direction Surveys
Flow-direction profiles in "the flow field (fig. 14) at all but the first
three forward orifices were measured by using a five-tube pressure probe (fig. 3).
As discussed in the section entitled "Test and Methods," the vertical flow angles
were corrected for the first-order pitot-pressure-gradient effects, but the span-
wise flow angles are uncorrected.
In general, the flow direction and distributions were as expected. For exam-
ple, the flow near the body for all the orifices is deflected away from the sur-
face by the boundary layer and gradually changes to a direction toward the body
as the flow field is traversed out to the shock. Also, the spanwise flow direc-
tion is nearly zero on the plane of symmetry and becomes increasingly more out-
board at successive stations in the spanwise direction.
As mentioned in the section entitled "Pitot-Pressure Profiles," the pitot-
pressure levels are consistent from orifice to orifice with the flow direction
between them. For example, the spanwise flow angle of approximately 8° at ori-
fice 7 directs its flow toward orifice 13, which has an average flow angle of 10°.
The average pitot-pressure level for the two are approximately the same. However,
the spanwise flow direction from orifice 10 is an average of 22° and flows toward
orifice 14, but its pitot level is less than that of orifice 10.
SYMMARY OF RESULTS
Pitot-pressure and flow-angle distributions in the flow field on the windwar
side of the NASA 040A space shuttle orbiter configuration and surface pressures
have been measured in the 22-inch aerodynamics leg of the Langley hypersonic
helium tunnel facility at a Mach number of 20 and an angle of attack of 31°.
From an analysis of the measurements the following summary of results is made:
1. The pitot-pressure profiles indicate that cores of high pitot pressure
occur in the vicinity of the wing-body junction and at about midspan of the wing.
The two high pitot-pressure regions are attributed to body-shock—wing-shock
interactions.
2. The average value of pitot pressure in the shock layer does not vary much
in the spanwise direction, and tangent-cone-theory estimates of the pitot pressun
in the flow field about a cone at an angle of attack of 0°, representing the con-
tour in the plane of symmetry of the configuration, are reasonably close to this
average value.
3. Calculations of the inviscid and viscous pitot-pressure profiles along
the body windward plane of symmetry show that the nose bluntness and viscous
effects appear to have a large influence on the pitot-profile shapes.
4. An overexpansion of the flow is indicated by the measured surface pres-
sures along the windward plane of symmetry. The average surface pressure and
the flow overexpansion are estimated very well by tangent-cone theory and by a
combination of blunt-body and method-of-characteristics programs, wherein the
model contour in the plane of symmetry is represented by axisymmetric shapes at
an angle of attack of 0°.
Langley Research Center
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(a) Cross sections.
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Plane of symmetry surface represented by 33.75 cone
Plane of symmetry surface represented by 45° conical nose
and power-law body






















r-10" xn/' = °'120 Orifice 1 -10
- .08
— . . - • • * J^J r*^1^ Shock "^
^"~~ .'^ '-r.-/ '°4
-z^' .02
-, , , 1 , , i 1 , i i 1 , , , 1 i , i 1 , , i 1 , , , 1 , , , 1
2 4 6 8 10 12 14 16 0
Zoo , mm
x 10"1 .10
~ x /I = 0.234 Orifice 2
- .. .08
* ' ' ' ' '-1
- . . - • ' ' | .06
~-~~ s~^.-~ — i -°4
y .02
• Surface pressure -
', , , 1 , , i 1 , , i 1 , i , 1 , , i 1 , , , 1 i , , 1 , i , 1
2 4 6 8 10 12 14 16 0
Zoo ' mm
x 10"1 10
xm/l = °'386 ' Orifice 4
. - • ' • • • • • • . . . , .08
- .- ' ' ^__ I .06
* .02
— Surface pressure
', , , 1 , , , 1 , , , 1 , , , 1 , , . 1 , , , 1 , , , 1 i , , 1
r 10~ xm/l = °'543 Orifice 6
- _/" -,. , ,
^ffl-H
; — Surface pressure
' i , , 1 , , , 1 , , , 1 , . . 1 , , , 1 , , , 1 , , , 1 i , , 1




 xn/Z = °'695 Orifice 8
r
=_ Surface pressure
' , , i 1 , , . 1 . , , 1 , . , 1 , , , 1 i , i 1 , , , 1 , , , 1




; xm/l = 0.848 Orifice 11
- / '*-, Free stream
^ Surface pressure
6 8 10 12 14 16
z , mm
12 16 20 24 28 32
(a) Along plane of symmetry.
Figure 8.- Comparison of calculated pitot profiles with measured profiles.
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• Plane of symmetry surface represented by 33.75° cone
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• Calculated using ellipsoid nose and power-law body
for plane of symmetry surface (inviscid)
• Calculated in boundary layer using computed shock shape
and pressure (body of revolution)
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Figure 9.- Comparison of calculated pitot profiles in boundary layer with
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Figure 12.- Comparison of pitot profiles at orifices
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Measured vertical flow angle, positive is towards surface






-1 xm/l = 0.695 Orifice 9
.10 x 10-1 xm/l = 0.848 Orifice 11
I I
12 16 20 24 28 32
mm








 .-• '•-. ..-•••"'1
x' '" ••"'"K





"l . , 1 . I , 1 I , . 1 . . . 1 , . , 1 , . . 1 , , . 1 1 1 1


























-: 'V / V. \





















''" "*•'. .-'"" /













12 16 20 24 28 32
, mm
12 16 20 24 28 32
, mm











Measured vertical flow angle, positive is towards surface














































12 16 20 24 28 32
"Zoo . mm
(d) Orifices 13 through 14.
Figure 14.- Concluded.
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